Lung cancer has emerged as a leading cause of cancer death in the world; however, most of the current conventional therapies are not sufficiently effective in altering the progression of disease. Therefore, development of novel treatment approaches is needed. Although several genes and methods have been used for cancer gene therapy, a number of problems such as specificity, efficacy and toxicity reduce their application. This has led to re-emergence of aerosol gene delivery as a noninvasive method for lung cancer treatment. In this study, nano-sized glucosylated polyethyleneimine (GPEI) was used as a gene delivery carrier to investigate the effects of Akt wild type (WT) and kinase deficient (KD) on Akt-related signaling pathways and protein translation in the lungs of CMV-LucR-cMyc-IRES-LucF dual reporter mice. These mice are a powerful tool for the discrimination between cap-dependent/-independent protein translation. Aerosols containing self-assembled nano-sized GPEI/Akt WT or GPEI/Akt KD were delivered into the lungs of reporter mice through nose-only-inhalation-chamber with the aid of nebulizer. Aerosol delivery of Akt WT caused the increase of protein expression levels of Akt-related signals, whereas aerosol delivery of Akt KD did not. Furthermore, dual luciferase activity assay showed that aerosol delivery of Akt WT enhanced cap-dependent protein translation, whereas a reduction in cap-dependent protein translation by Akt KD was observed. Our results clearly showed that targeting Akt may be a good strategy for prevention as well as treatment of lung cancer. These studies suggest that our aerosol delivery is compatible for in vivo gene delivery which could be used as a noninvasive gene therapy in the future.
Introduction
The lung is a highly accessible organ for the topical application of gene delivery system. For that reason, extensive efforts have been invested in the field of pulmonary medicine in the hopes of finding feasible therapeutic approaches for diverse lung diseases including cancer. [1] [2] [3] Different approaches for gene delivery to the lung such as intravenous injection and nasal or intratracheal instillation have been reported in various animal models. 4, 5 However, these strategies are invasive or the methods may not be suitable for effective delivery of the gene-of-interest throughout pulmonary tissues. Viral and nonviral vectors are also being utilized for gene therapy. Viral vectors are mainly used because of their intrinsic ability to enter the cells and promote expression of the gene-of-interest. However, many factors such as induction of an immune response against repeated administration, and difficulties of large-scale production limit the practical use of viral vectors. 6 On the other hand, nonviral vectors continue to attract a great deal of interests because of several advantages, such as easy manipulation, low cost, safety and relatively nonimmunogenicity. A variety of nonviral vectors have been developed for delivering genes to various organs. Aerosol delivery can deliver the gene-of-interest effectively and represents a noninvasive alternative for the targeting of genes to the lungs. 6 We and other workers have shown that glucosylated polyethyleneimine (GPEI), a cationic polymer, is an effective delivery vehicle for both in vitro and in vivo gene transfer. 7, 8 The serine-threonine kinase Akt (protein kinase B) is an important regulator of cell survival and cell proliferation. 9 Akt plays a key role in cancer by stimulating cell proliferation and inhibiting apoptosis. 10 Amplification of genes encoding Akt isoforms have been found in many tumors. 9 Dominant negative alleles of Akt have been reported to block cell survival and to induce an apoptotic response. 11 Because Akt promotes both cell survival and proliferation, specific inhibition of its downstream signaling pathway for instance by expression of an Akt mutant is a rational therapeutic strategy for tumors with amplification of Akt gene. Therefore, regulation of Akt signaling may be applicable for the treatment of lung cancer. One mechanism by which Akt is known to alter cell function is through the regulation of cap-dependent translation. 12 We were interested in determining if we could alter cap-dependent relative to cap-independent translation in vivo by altering Akt protein levels. To measure the ratio of cap-dependent to cap-independent translation, we employed a bicistronic vector containing the reporter protein luciferase driven by an internal ribosome entry site (IRES) and a renilla reporter protein driven by a cap-dependent sequence, 13 where the ratio of renilla to luciferase represents the ratio of cap-dependent to cap-independent. Transgenic mice expressing this bicistronic vector have been created 13 and can be used to measure cap-dependent versus cap-independent translation in vivo.
Here, we report that aerosol delivery of nano-sized GPEI/Akt complex can alter an important signaling pathway for cell survival in murine lung. Additionally, delivery of Akt or kinase inactive mutant construct in the lungs alters the ratio of cap-dependent to cap-independent translation. Our results support the possibility that GPEI carrier may be an effective as well as noninvasive gene delivery system and that aerosol delivery of a GPEI/Akt dominant negative may be a promising approach for lung cancer treatment and prevention.
Results

Aerosol delivery of wild-type Akt enhanced cap-dependent protein translation
To determine the changes in protein expression of the Akt signaling pathway in the lungs of aerosol-treated mice, Western blotting was carried out in lung tissue. Our results showed that aerosol delivery of 1 and 2 mg Akt increased protein levels of Akt, phosphorylation of Akt at both Ser473 and Thr308. Densitometric analysis of bands-of-interests clearly confirmed the statistical significance of the Western blot results (Figure 1a and b) . The aerosol delivery of Akt also increased the protein expressions of Akt-related signals such as mTOR, p-mTOR, p70 S6K , p-p70 S6K with densitometric analysis (Figure 1c and d) . Aerosol gene delivery of Akt clearly changed key factors of the translation initiation complex such as eIF-4E, phospho-eIF4E, eIF4E-BP1 and its phosphorylation form as determined by Western blot and densitometric analysis (Figure 1e and f) . Immunohistochemistry analysis demonstrated that phospho-Akt at Thr308 expression was significantly increased compared to vector control (dark brown, right panel of Figure 1g ). Together with previous works showing high transfection efficiency by aerosol gene delivery, 8, 14 results presented here demonstrate that aerosol delivery of GPEI/Akt complexes were able to increase the expression of Akt and its related proteins efficiently. Furthermore, dual luciferase activities were measured to study the effects of Akt on cap-dependent and cap-independent protein translation. The relative ratio of renilla/ firefly (Cap-Dep./Cap-Ind.) activities was markedly increased by aerosol delivery of Akt wild type (WT), indicating that aerosol delivery of Akt enhanced capdependent protein translation in the lungs of mice (Figure 1h ). Based on the activities of two concentrations of Akt (1 and 2 mg), which give similar results, 1 mg of DNA was chosen for aerosol delivery for further experiments.
Aerosol delivery of AKT KD did not cause the change of Akt downstream signals Based on the above finding, comparative effects of Akt WT and Akt KD (kinase deficient) (inactive) were further analyzed in order to investigate whether aerosol-delivered Akt KD might have the opposite effect on Akt signaling pathways in the lung. Interestingly, aerosol delivery of Akt WT increased Akt protein level significantly, whereas the Akt KD did not show such pattern of change. More interestingly, Akt KD did not increase the phosphorylation of Akt at Thr308 significantly, whereas Akt WT did. This finding was more significantly observed in the phosphorylation of Akt at Ser473 (Figure 2a and b) . Immunohistochemical analysis of total Akt and phospho-Akt at Thr308 in aerosoltreated lung clearly confirmed such pattern (Figure 2c ). Likewise, aerosol delivery of Akt WT resulted in significant increases in the protein levels and phosphorylation status of both mTOR and p70S6K ( Figure 3 ). Aerosol delivery of Akt KD resulted in a small and consistent decrease in both proteins; however, quantitation revealed no statistically significant change from control. Furthermore, key proteins of the translation initiation complex, including 4E-BP1 and eIF4E were also regulated by the Akt signaling pathway ( Figure 4 ). Densitometric analysis of bands-of-interests clearly confirmed the results of Western blot analysis. Similar to the previous results, the Akt-KD resulted in a consistent but not statistically significant decrease in signaling relative to control. However, aerosol delivery of Akt KD did result in a significant decrease in the ratio of capdependent protein translation to cap-independent, opposite to the clearly observed increase produced by delivery of Akt WT. The data are summarized in the relative ratio of dual luciferase activities ( Figure 4c ). The results reveal that whereas aerosol delivery of Akt WT causes an increase in the ratio of cap-dependent relative to cap-independent translation, the delivery of the Akt KD construct produces the opposite affect.
Discussion
In recent years efforts have focused on the development of aerosol gene delivery technology for the treatment of diverse lung diseases including cancer. This effort has involved finding appropriate nonviral DNA delivery vectors that both withstand the sheering force of nebulization and also function optimally in the lungs. Among several nonviral vectors, PEI derivatives were reported to be interesting vectors and recently their efficacy has been reported to be increased by addition of sugar residues. 7 It was reported that the high gene transfer efficiency of PEI derivatives is due to the buffering of endosomes through PEI that provokes a massive accumulation followed by passive chloride influx. These events should cause osmotic swelling and subsequent endosome disruption, thus, permitting the escape of endocytosed materials. 15 Based on this finding, a substantial percentage of secondary amine groups in Aerosol delivery of Akt controls protein translation AM Tehrani et al size of about 136 nm) could be delivered into the lungs by escaping from alveolar macrophage attack successfully. 8 Recently, our group also has demonstrated the efficiency of aerosol gene delivery by showing that aerosol delivery of programmed cell death 4 could regulate apoptosis, cell cycle and angiogenesis in the lungs of K-ras null mice.
14 Together, we could overcome the pre-existing problems of aerosol gene delivery such as low transfection efficiency and inflammatory response.
Akt has become a favored second messenger from a therapeutic standpoint because numerous studies have demonstrated its role as a key molecule in the malignant transformation. Evidence from several experimental models suggests that Akt is a key regulator of tumor development and progression. 9 In fact, Akt activation has been implicated in a variety of adverse cellular processes, including abnormal cell growth, inhibition of apoptosis and abnormal gene regulation at both transcriptional and translational levels. 12, 16 Abnormal activation of Akt has been detected in human lung cancer precursor lesions and in established breast cancers as well. 17, 18 Activation of Akt has been reported to induce activation of mTOR and p70 S6K . 19, 20 Our results also confirmed that Akt aerosol delivery is closely associated with activation of Akt downstream signals such as mTOR, p70S6K and eIF4E complex as shown in Figures  3 and 4 .
Several mechanisms exist to downregulate the Akt signaling pathway in the cell. Uncontrolled activation of Akt, either owing to gene amplification or mutation of phosphatase and tensin homolog deleted on chromosome 10 leads to the development of cancer. Inhibition of Akt signaling pathway is, thus, an attractive strategy for cancer therapy, whereas a specific Akt inhibitor has not been reported yet. 21 Inhibition of Akt signaling pathway in tumors has important therapeutic applications because Akt inhibition results in apoptosis and growth inhibition of tumor cells. 22 The Akt KD construct used in this study resulted in a consistent decrease in the phosphorylation status of proteins involved Akt signaling. Although the results were not statistically significant for the individual components, the overall result of Akt KD expression was a statistically significant decrease in cap-dependent translation.
The cap-dependent scanning mechanism of translation is used by the majority of mRNA to initiate translation and requires the binding of the eukaryotic translation initiation factor eIF4F complex to the mRNA and recruit of 40s ribosome. 23 Global protein synthesis via this mechanism is a tightly regulated process and controlled by changes in the phosphorylation states of proteins in the eIF4E and their binding protein, 4E-BPs. A cap-independent mechanism involving an IRES has been identified in picornavirus messengers, which are uncapped and present a long 5 0 -UTR. It appears that 
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Translation plays an important role in control of cell growth and can be regulated via mTOR signaling pathway through p70 S6K and 4E-BP1/eIF4E, of which Akt is a critical intermediate. 27 Our data indicated that increased protein levels of Akt WT through aerosol delivery affected mTOR, p70 S6K and 4E-BP1/eIF4E protein levels and cap-dependent protein translation (Figures 3 and 4) . Whereas increased Akt levels increased the ratio of cap-dependent relative to cap-independent translation, the kinase-inactive Akt KD decreased the ratio. Interestingly, although Akt KD did not substantially alter the phosporylation status of some individual components of the translation pathway such as p-mTOR, the overall effect was a decrease in the ratio of capdependent relative to cap-independent translation. These results suggest two possibilities: (1) that Akt plays an additionally but currently unknown role in the translation process or (2) that Akt regulates a number of proteins required for proper cap-dependent translation and that combined these small changes in regulation result in profound biological consequences.
The ability to deliver Akt constructs to the lung represents a promising result with possible therapeutic applications. The sensitivity of cells to the Akt signaling pathway is suggested by the fact that although the Akt- Aerosol delivery of Akt controls protein translation AM Tehrani et al KD construct used here did not result in statistically significant inhibition of individual proteins involved in protein translation, it did alter the ratio of cap-dependent to cap-independent translation. The mRNAs with the highly structured 5 0 UTRs may represent the most sensitive targets of small changes in the Akt signaling pathways and it may be no coincidence that these include a number of oncogenes such as orthinine decarboxylase, cyclin D1 or p53 among others. 28 Taken together, aerosol delivery of Akt WT clearly demonstrated the possibility that targeting Akt may be a good strategy for prevention as well as treatment of lung cancer in the future. Furthermore, although the Akt KD did not result in the dramatic changes in signaling that were seen with the Akt WT, the data suggest that the use of perhaps si-Akt or sh-Akt in future studies may improve the inhibition. Our results suggest that the aerosol delivery is compatible for in vivo gene delivery and can be used as a noninvasive gene therapy.
Materials and methods
Reagents and expression plasmids
Anti-Akt, anti-4E-BP1, anti-eIF4E, anti-p70 S6K , anti-phospho-Akt (Thr-308), (Ser-473), anti-phospho-4E-BP1, antiphospho-eIF4E and anti-phospho-p70 S6K antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mTOR and anti-phospho-mTOR were purchased from Cell Signaling Technology 
Animals
Transgenic mice expressing CMV-LucR-cMyc-IRES-LucF reporter gene are convenient and powerful tools for the discrimination between cap-dependent and capindependent protein translation as renilla luciferase (LucR) and firefly luciferase (LucF) indicate the level of cap-dependent and cap-independent (IRES) protein translation, respectively. 24 Six-week-old transgenic male mice were used in this study, mice were kept in our laboratory animal facility and maintained under standard light/dark cycle at 23721C with a relative humidity of 50720% and given ad libitum food and water. All animal experiments were performed according to the guideline for the care and use of laboratory animal of Seoul National University.
Preparation of GPEI/DNA complexes and aerosol delivery of the complex GPEI/DNA complexes were prepared at 1 mg of DNAof-interest to 2.67 mg of carrier. In brief, 1 mg of DNA diluted in distilled water was mixed with 2.67 mg GPEI to make a final volume of 50 ml drop by drop manner under gentle vortex. The complexes were then incubated for 30 min at room temperature before delivering. Our previous works confirmed that above procedure was enough to induce the self-assembled GPEI/DNA complexes suitable for aerosol gene delivery. 8, 14 Mice (three male mice per group) were placed in noseonly exposure chamber (NOEC) and exposed to the aerosol generated by using the patented nebulizer (Korean patent #20304964). GPEI/DNA complex solution contained 1 or 2 mg DNA. Mice were placed in NOEC, and GPEI/DNA complexes were aerosolized using nebulizer for 30 min. Two days after exposure, the mice were killed and lung samples were removed. Our previous studies indicated that current method of aerosol gene delivery induced high and efficient in vivo transfection efficiency (more than 80% gene transfection efficiency). 8, 14 Western blot analysis
The lungs were homogenized with three volumes of lysis buffer (Promega, Madison, WI USA) and protein concentrations were determined using Bradford analysis kit (Bio-Rad, Hercules, CA, USA). Equal amounts of protein were fractionated on SDS-polyacrylamide gel and transferred to nitrocellulose membranes (Amersham Pharmacia, Cambridge, UK). The membranes were soaked for 1 h in Tris-buffered saline, 0.1% Tween 20 (TTBS) containing 5% non-fat-dry milk and incubated with specific antibodies for 3 h. After three washes, the membranes were incubated for 1 h with horseradish peroxidase-labeled secondary antibody and visualized using the Westzol enhanced chemiluminescence detection kit (Intron, Sungnam, Korea). The bands were detected with LAS-3000 (Fujifilm, Tokyo, Japan).
Luciferase activity assay
The lungs were homogenized in passive lysis buffer (Promega, Madison, WI, USA) and were centrifuged for 20 min at 4500 r.p.m. at 41C, the supernatant was further centrifuged for 15 min at 1300 r.p.m. at 41C and last supernatant was used for luminescence dosage. LucR and LucF activities were measured using the dual luciferase kit (Promega).
Immunohistochemistry
Sections of 3 mm thick were cut from formalin-fixed and paraffin-embedded blocks of mice lungs. The slides were deparaffinized in xylene, rehydrated through a graded series of ethanol and washed with distilled deionized water. To quench endogenous peroxidase activity, slides were immersed in 3% H 2 O 2 for 10 min. After a short rinse in phosphate-buffered saline (PBS), non-specific binding was blocked by incubating the sections in 3% bovine serum albumin (BSA) for 1 h at room temperature. Thereafter, the slides were incubated with specific primary antibodies for 3 h. The slides were washed in PBS and incubated with secondary antibodies for 1 h at room temperature. After careful washing, tissue sections were counterstained with 1% Mayer's hematoxylin (DAKO, Carpinteria, CA, USA) and washed with xylene. Cover slips were mounted using Permount (Fisher, Pittsburgh, PA, USA), and the slides were reviewed using a microscope (Carl Zeiss, Thornwood, NY, USA).
Statistical analysis
Results were shown as the mean7s.e. of three experiments. Statistical analyses were performed following analysis of Student's t-test when the data consisted of only two groups. The differences between groups were considered significant at Po0.05 as indicated. Quantification of Western blot analysis was performed using Multi Gauge version 2.02 program (Fujifilm).
